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Abstract

Spacecraft charging and its effects on spacecraft are an accepted fact in the spacecraft design community. From
missions such as SCATHA and CRRES that specifically studied surface and internal charging to well-documented
charging events on various DoD, NASA, and commercial spacecraft, spacecraft charging has been demonstrated to
cause deleterious effects on operations in space. While previous papers and talks have concentrated on documenting
these effects and providing methods for limiting their more severe consequences, this talk will discuss possible future
directions that the field may take and offer hints at potential new mitigation methods. Specific concerns are the
surface charging interactions with truly large spacecraft such as the proposed Solar Sails or Gossamer structures that
are being considered for NASA’s more advanced missions. In addition, environments such as found at Jupiter in and
near Europa or Io pose unique internal charging environments. Taken together, these possible new directions in space
systems and missions represent exciting opportunities for the spacecraft engineering community.

I. Introduction

Consider the current state of the field of spacecraft
charging. Spacecraft charging is still a growing,
vibrant field as evidenced by several recent

12 . 34 57 .
conferences ~, reviews  , and books™ on the generic
issues associated with plasma interactions or specific

areas such as surface charging. Still, as Koons et al.’
demonstrated, charging (or perhaps more properly
differential charging followed by discharging) effects
are still a major source of spacecraft anomalies
Whether it be surface charging, internal charging,
plasma interactions at low altitudes, or induced fields
on tethers, the buildup of charge on or in spacecraft
pose a continuing design problem for the spacecraft
builder.

Undoubtedly, the largest change since 1980 has been
in emphasis as there has been a major shift in attitude
vis a vis surface charging versus internal charging
caused by penetrating electrons. While the former
continues to be an important process, in recent years
it has become increasingly clear that, as external
charging and the elimination of differential potentials
are routinely addressed in spacecraft design, a growing
proportion of spacecraft anomalies are now believed
to be caused by “internal" charging (defined as
charging not on the external visible surface of the

"Copyright © 2002 by the American Institute of
Aeronautics and Astronautics, Inc. The U.S. Govern-
ment has a royalty-free license to exercise all rights
under the copyright claimed herein for Governmental
purposes. All other rights are reserved by the copyright
owner."
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spacecraft, but by charging that causes discharges near
internal electronics). To address this issue, a new
NASA Handbook, “Avoiding Problems Caused by

Spacecraft On-Orbit Internal Charging Effects”"" has
been written. Likewise, with the importance of the
International Space Station to the national space
program, charging effects unique to the low FEarth
orbit have become of increasing concern. Finally, the
continuing desire to use high voltages in space
(especially for solar arrays) and to utilize tethers have
in particular led to growth in these areas in recent
years.

II. Surface Charging

Surface charging in this paper refers to charging and
electrostatic discharge effects on the outside of the
spacecraft (generally the visible surface materials). It
is now universally recognized as an important design
consideration for spacecraft in Earth orbit, particularly
at geosynchronous orbit where potentials can reach
~18 kV. Of increasing interest, however, is the
portion of the charging environment below 1000 km
in the polar regions. Although not as dramatic as
geosynchronous charging, "low altitude” surface
charging in this region is more common than
originally thought (see Section IV and review by
Emma:mmwv. In the future, surface charging outside
Earth’s environment will also be of concen. In
particular, the spacecraft surface charging environment
has been mapped out for other planets--surface
potentials have been estimated for Jupiter and
Saturn™". In support of such estimates, the Voyager
spacecraft may have observed large surface charging
throughout the solar system--possibly tens of kV at
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F@:Q: and -400 V at Uranus". Many interplanetary
spacecraft are now, as a result, designed to minimize
surface charging as a matter of course. These design
techniques are based on design guidelines and

standards defined in NASA 2361'® and MIL-STD

1541A". The methods for controlling and mitigating
surface charging were the direct outgrowth of the

SCATHA oxwoaobno;.mo. Actual flight experience
over the last decade has repeatedly demonstrated the
value of these methods. Indeed they have consistently
proven to be successful in limiting the effects of
surface charging whether that be near the Earth or a
more exotic space environment.

Although it is still difficult to adequately predict

geomagnetic “weather” in terms of substorms with
. . 21-23
anything more than a half to one hour lead time™ ,

it has proven possible to estimate absolute surface
charging levels at a given satellite location with some
accuracy from geomagnetic indices™** or, better still,
in-situ measurements of the plasma (note: differential
charging is another matter altogether and requires
intimate knowledge of the spacecraft design and

sophisticated codes such as NASCAP™ to provide

accurate estimates). In Garrett et m_.ﬁ, data from
plasma sensors on one geosynchronous spacecraft
were successfully used to estimate charging levels at
another spacecraft. These measurements, obtainable in
near-real time, clearly demonstrate that charging
levels at other spacecraft can be estimated within
several hours of local time around an observing

spacecraft. Indeed, data from one mvmooowmmﬁ (the
USAF Defense Support Program or DSP satellite)
were used to estimate the charging environment on
the near-by ATS-6. Of interest is that this was done
with only three electron energy channels between 30
and 95 keV. The results also demonstrated that surface
charging is primarily a function of the electron
current at energies of a few 10's of keV and that it is
possible to provide a “spacecraft surface charging
index". Hopefully the future will see the development
of this index into a useful method of assisting in the
mitigation of spacecraft anomalies at geosynchronous
orbit.

Despite these advances, surface charging at
geosynchronous orbit can still pose a threat to
. .r., 82830 .
spacecraft survivability . Recently, new evidence
for the complexities associated with the surface
charging/arcing process has emerged in the form of
catastrophic, continuous arcs between adjacent solar
cells on two high-powered spacecraft operating in

geosynchronous orbit™. Ground experiments and
theory have shown that most probable location for
electrical discharges to occur on the surfaces of high
voltage solar arrays is at the so-called triple junction:

2
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the interface between a metallic interconnect,

coverglass, and Emmamwm.ﬁ. Although this type of arc
is not believed to be able to cause substantial damage
to a solar array, it has been hypothesized and
demonstrated in the laboratory that such an arc can
generate sufficient local heating to initiate outgassing
and polymer E\Bc\mwmﬁ&. This in turn can generate
enough gas and plasma between biased solar cells to
trigger long duration arcs that can be maintained by

the solar array and cause serious damage to an array.
Fortunately, mitigation 60:55:0% % (e.g., limiting

the potential between adjacent solar cells and
insulating the region between likely breakdown sites)
have proven in testing to be very effective at reducing
this problem. The lesson for the future, however, is
that, as our systems evolve, spacecraft charging can
strike in unanticipated ways—*eternal vigilance” may
be the watchword for the charging community.

III. Internal Charging

Internal charging as used here refers to the
accumulation of electrical charge on interior
ungrounded metals or on or in dielectrics inside a
spacecraft. The key difference between “internal” and
external/surface charging is that surface electrostatic
discharges often are loosely coupled to victim
circuits, whereas internal discharges may occur
directly adjacent to victim circuits. If Faraday cage
construction is employed, ESD events outside the
Faraday cage, even if under thermal blankets, could be
called “external” in this context. Electrons with 500
keV of energy or more are considered to be the
primary environment responsible for internal charging
problems as they can easily penetrate the standard
Faraday cage shielding. Although the fluxes are lower
at these higher energies, any internal electrostatic
discharge (ESD) spark they might cause is closer to
victim electronics than external ESDs and therefore
can cause significant upset or damage to satellite
electronics. Note, however, that “internal” charging as
defined herein can occur under thinner protective
layers (as thin as a thermal blanket) and the energy
threshold for internal charging can be caused by
electron environments of energies perhaps as low as
100 keV. The key is the deposition rate/fluence after
the shielding effects (as described later in this
section).

Internal charging may actually be more severe outside
Earth orbit--during the Voyager 1 passage by Jupiter
on September 5, 533.8, 42 identical electrical
anomalies were observed. These were subsequently
attributed to internal charging. In particular, it was
postulated that ~MeV electrons had penetrated the
surface of a cable and built up charge sufficient to
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cause arcing. For Earth orbit, the presence of internal
charging continues to be investigated and Hm@o:o%w.t.

As to the future, our understanding of how the
internal discharge process is initiated is only now
beginning to yield to experimental study. Consider
cable insulation charging. Frederickson” has made
great strides in testing specific configurations. He has
found® that the threat starts with charging in the
dielectric (so that thinner wire insulation is better) and
the threat is enhanced by small plasma plumes
drifting onto victim areas (such as exposed high
voltage terminals), so keeping the wire bundle tightly
bound is better. This research promises to change the
way we think about internal charging and may lead to
significant improvements in its mitigation. Even so,
the problem of internal charging will be getting
worse in the future rather than better. Although the
environment is not changing , economics is forcing
less and less shielding, lighter weight structural
materials, and even elimination of Faraday cage
construction. At the same time the devices (integrated
circuits) are going to smaller scale sizes and thus are
more susceptible to damage. As pointed out by
Frederickson, the designer has an even greater
challenge ahead; design rules that may have worked
yesterday will need re-evaluation with changed parts
and structural design. Fortunately, as in the case of
surface charging, there are currently on station several
geosynchronous monitors that can be used to provide
a real-time "internal charging index". The GOES
series of spacecraft, for example, provide a real time
estimate of the high energy electron environment.
Thus, when the flux they measure exceeds a critical
number for a given spacecraft, arcing may occur.
Future missions may be able to use this information
to limit the effects of arcing on internal surfaces.

IV. Low Altitude Charging

Spacecraft orbiting at low altitudes must also be
concerned with charging. Because of the complex
effects of structure size and shape on the
magnetohydrodynamic flow fields of high density
plasmas, hypersonic plasma interactions at low
altitudes have always presented an analytic

44,45 . . .

challenge Likewise, the desire to operate at
increasingly higher voltages has greatly added to the
computational difficulties associated with this
problem. Fortunately, with the continuing growth in
computer capability, a number of spacecraft charging
problems at low altitudes are for the first time
yielding to numerical analysis. Intricate geometries,
magnetic fields, changing composition, and high,
imposed potentials can now all be effectively
modeled. Indeed, this conference has two sessions
devoted to high voltage interactions with the Space

3
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Station. As these sessions testify and as detailed in
Hastings' 852%, low altitude charging analysis is
coming of age.

In addition to ongoing studies on the International
Space Station, there is considerable experimental
work related to this phenomenon (i.e., current

collection by high voltages in a wake) that has been
carried out in the _mUoBSJ\& and in-situ by the

Shuttle Charging Hazards and Wake Studies

(CHAWS) nxwanoEﬁx_w. CHAWS consisted of
plasma monitors and a bistable probe mounted on the
Shuttle Wake Shield Facility (WSF). The experiment
measured the plasma current in the wake of the WSF
as functions of negative potential of the probe (up to
-5000 V relative to the WSF). The experiment was
modeled using the programs Potentials of Large
Objects in the Auroral Region %O?ﬁd% and
Dynamic Plasma Analysis Code (DynaPAC)”. The
flight data and simulations indicated that the current
collected had a power law dependence on the potential
but a less than linear dependence on the plasma
density. The measurements at low voltages, however,
differed from the models as the latter predicted a
threshold for current collection at -100 V which was

not observed in the data’ .

The calculations just presented barely introduce the
rich variety of low altitude plasma interactions now
being studied. Consider the growing interest in

electrodynamic tethers”.  Multi-km long thin
conducting cables are now. possible and have indeed
been demonstrated (e.g., the TSS-1 Shuttle

. 53-55. . .

experiment ). One interest here is the use of these
tethers to generate electricity. For a conducting object
in low Earth orbit, the vxB electric field varies from a
low of about (0.1 V/m) at the equator to a maximum
of (0.3 V/m) over the polar caps. For a 10 km tether
(easily possible with present technology), a potential
difference of up to 3,000 V is possible--a spacecraft
can in principle draw power from this voltage drop

but at the price of a loss in orbital altitude™”". By
biasing a tether, it can by wused for spacecraft

. . 58-61 .
propulsion and orbit reboost”  as in the case of the

Plasma Motor Generator- or the proposed Propulsive
Small Expendable Deployer System (ProSEDS)

. 58
experiment . Tethers have even been suggested as
. . . I 63
possible power sources for jovian missions . At

Jupiter, however, the plasma corotates faster than the
orbital velocity so that a vehicle can gain orbital
altitude using a tether. Problems for tethers arise,
however, in achieving the current flow necessary to
utilize the energy as it is not clear that a sufficient

ion current is possible without resorting to a plasma
. .. . . 364
emitter or similar emission device” to enhance

positive ion current collection. Related issues are
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wave dissipation and radiation impedance associated

with the passage of the tether™ . Tethers are and will
be an on-going topic of research and debate in the

future.

Over the last decade, observations of surface charging
on low Earth orbit, polar spacecraft have mainly been
concerned with the Defense Meteorological Satellite

Program (DMSP) satellites. _umwonwau_ have reported
potentials ranging from a few hundreds of volts to
over a kV. It now appears that far from being a very
rare event, moderate charging events (i.e., above the
~400 V differential potentials normally believed to be
the minimum necessary to cause surface arcing) are
not uncommon for polar orbiting spacecraft.
Discharge-induced anomalies, however, are believed to
be rare. Recently, however, Anderson and Woo:%N
have reported observing an operational anomaly on
the DMSP F13 satellite--on May 5, 1995, the
microwave imager experiment microprocessor locked-
up. At the time of the event, the spacecraft frame
potential was estimated at -460 V and surface
potentials as high as -3 kV may have occurred in a ~6

s period. Cooke” used the POLAR code to simulate
the charging of the DMSP satellite at the time of the
event. His results indicate that the highest potentials
are only achieved by a few surfaces that have ion
collection limited by their locations perhaps
explaining in part the rarity of such events (though
surface material choices may be a more likely causc).
Even so, given adequate measurements of ionospheric
and geomagnetic activity, it should be possible to
determine the occurrence of such events in real time
as in the case of geosynchronous charging.

Another area of low altitude charging interest is that
associated with induced potentials due to biased
surfaces such as solar arrays. In addition to arcing,
biased solar arrays at low altitude have been observed
to drive plasma effects (e.g., broadband fluctuations
extending beyond 1 ZENVE. In a series of rocket and
satellite experiments, the DoD and NASA have
completed several interesting studies over the last
decade into the effects of induced high potentials on
solar arrays and of plasma beams on spacecraft
potentials. Intended primarily to parameterize the
ranges over which exposed high potential surfaces can
be biased before arcing sets in and to demonstrate
control of the discharge process, two series of
experiments stand out. The first of these are the solar
array experiments associated with the PASP Plus

APEX satellite oxwoaanad,a. Launched into a 363
by 2550 km elliptical orbit on August 3, 1994 by a
Pegasus rocket, this experiment consisted of a
collection of several types of solar amay cells.
Ranging from solar concentrators to representative
samples of the International Space Station arrays, the

4
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cells were biased over a range of voltages (+500 V)
and their current collection and arcing characteristics
were measured. In particular, the electron current
collected by the so-called snap-over phenomena for

Jor . 71-79 .
positively biased solar arrays was  studied.

Likewise, arcing for large negative potentials were

also monitored”". The PASP Plus results®
demonstrated that arcing levels were indeed strongly

dependent on bias voltage.

The second low altitude charging experiments of
interest are those associated with the Ballistic Missile
Defense Organization's Space Power Experiment
Aboard Rockets (SPEAR) Hunomwmam_. In a series of
three launches between 1987 and 1993, rockets were
used to characterize the ability of a power system to
maintain high voltages (upwards of 40 kV) in a dense
ionospheric plasma (~200 to 300 km). These rocket
flights were very successful in demonstrating the
generation and control of multi-kV potentials in
dense, ionospheric plasma. Careful, ground-based
studies permitted accurate modeling of the subsequent
observations and detailed evaluations of a variety of
techniques for  controlling, measuring, and
establishing high potentials in space without the need
for heavy insulation relative to the plasma. In
particular, SPEAR III, successfully launched on
March 15, 1993, completed a comprehensive test of
methods for grounding high voltages in space (hollow
cathodes, field emission, heated filaments, and neutral

81-84 . -
gas releases) . These results promise a new era in

the utilization of high voltage systems in space.

A final issue to be considered is the application of
these results to the International Space Station. The
major issues associated with the International Space
Station are its huge size and solar arrays. In addition
to the preceding, various modeling efforts have
attempted to address each of these features explicitly.
For example, the floating potential and wake structure
of the International Space Station and the likelihood
of arcing have been extensively addressed by

Hastings, Wang, and o%oam&,mm. Plasma contactors in
particular have been shown to play an important role
in current collection and controlling floating
potentials on the International Space Station’s solar
arrays and in limiting sputtering and arcing. These
papers, however, represent only a small portion of the
plasma and charging studies that will ultimately come
from our utilization of the International Space Station
in the years ahead—the reader is referred to the two
sessions to be held at this conference for the latest,
in-situ studies of the International Space Station high
voltage interactions.

Conclusions
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To summarize, the study and analysis of spacecraft
charging over the last 20 years has demonstrated a
growing maturity. Surface charging continues to be
recognized as a serious operational threat to spacecraft
and useful design guidelines are in place for its
mitigation that were made possible in large part by
the success of the SCATHA program. Internal
charging has grown noticeably more important as a
source of anomalies due to charging/arcing. With the
flight of CRRES and its internal charging
experiment, flight confirmation now exists of this
phenomenon over the entire radiation belts. A formal
internal charging design guideline was recently
completed. Low altitude charging effects are slowly
yielding to detailed computer analysis and experiment.
Theory and evidence are converging on consistent
models and techniques--successful conclusion of this
process promises major advances in the utilization of
the low altitude space environment. In particular, the
use of tethers and of high voltage systems now appear
possible if proper consideration is given to the details
of the processes involved. For the future, there are,
however, still many challenges. For example, the so-
called ‘critical ionization velocity" phenomenon
proposed by Alfven® remains an intriguing issue for
low altitude plasma interactions’ . The International
Space Station itself promises to be a fertile laboratory
setting for studying this and many other unusual
plasma/charging interactions. Finally, there will be
new areas that need to be investigated such as "dusty
Emmamm:mm or the fields associated with truly large
structures such as the proposed multi-kilometer solar
sails. Even so, the last twenty years has seen
significant and meaningful progress in an important
scientific and engineering area of research--spacecraft
charging.
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